The genome of Neurospora crassa encodes two different cellobiose dehydrogenases (CDH) 26 with a sequence identity of only 53%. So far only CDH IIA, which is induced during growth 27 on cellulose and features a C-terminal carbohydrate binding module (CBM), was detected in 28 the secretome of N. crassa and preliminary characterized. CDH IIB is not significantly up-29 regulated during growth on cellulosic material and lacks a CBM. Since CDH IIB could not be 30 identified in the secretome, both CDHs were recombinantly produced by Pichia pastoris. 31
Introduction 45
The extracellular fungal flavocytochrome cellobiose dehydrogenase (CDH, EC 1.1.99.18) 46 constitutes a considerable fraction of the lignocellulolytic enzymes secreted by many cultures 47 of wood degrading basidiomycetes, e.g., 0.5% in Phanerochaete chrysosporium (11), up to 48 1.2% in Trametes spp. (20) , 2.4% in Ceriporiopsis subvermispora (9), 2.2% in Sclerotium 49 rolfsii (19) and ascomycetes, e.g. 12% in Corynascus thermophilus (8), 2.3% in Myriococcum 50 thermophilum (7) and 2.4% in Neurospora crassa (23) . The widespread appearance of CDH 51
implies an important function of this enzyme in wood degradation. Since its discovery in 52 1972, the exact catalytic role of CDH and its interaction with other fungal lignocellulolytic 53 enzymes remained unclear. Several in vivo functions have been proposed (2, 11, 42) . The 54 most widely supported mechanism in the last two decades is related to CDH's ability to 55 produce hydrogen peroxide and concomitantly reduce Fe 3+ , which potentially generates 56 hydroxyl radicals by a Fenton type reaction. However, the catalytic efficiency of oxygen 57 reduction is very low and about 100 times slower than the reduction of other electron 58 acceptors such as quinones. Similarly, the reduction of weakly complexed Fe 3+ species (e.g. 59
by carboxylic acids) occurring in plant material is much slower than ferricyanide turnover and 60 additionally limited to pH values below 4.5. While white rot fungi generate such acidic pH 61 values during growth the majority of ascomycete CDH producers degrade lignocellulose at 62
higher pH values (34) . 63
Evidence is growing that the main purpose of CDH in vivo is not to transfer electrons to small 64 molecular weight electron acceptors like oxygen and Fe
3+
, but to members of the glycoside 65 hydrolase 61 (GH61) protein family. Recently, a polysaccharide monooxygenase activity for 66 three members of the GH61 protein family in N. crassa has been described (17, 22) and 67 copper was specified as active site constituent of these enzymes. Therefore, the name 68 polysaccharide monooxygenase (PMO) has been suggested by Marletta and coworkers for the 69 investigated GH61 proteins (22) . The GH61 family is widely distributed in fungi. BLAST 70 on January 7, 2018 by guest http://aem.asm.org/ Downloaded from mutations were confirmed by DNA sequencing. Linearized, verified plasmids were used for 158 transformation into electro-competent P. pastoris cells. 159 160
Microscale-screening for high producing CDH transformants 161
Cultivation and expression of both CDHs was done in 96-deep well plates according to Weis 162 et al. (38) Salts Medium. After sterilization, the pH of the medium was adjusted to pH 5.0 with 28% 176 ammonium hydroxide and maintained at this level throughout the whole fermentation process. 177
The cultivation was started by adding 0.4 L (9% (v/v)) preculture grown on YPD medium in 1 178 L baffled shaking flasks at 125 rpm and 30°C overnight. The cultivation was performed 179 according to the Pichia Fermentation Process Guidelines of Invitrogen and the expression of 180 recombinant protein was induced with methanol. The Invitrogen protocol was altered at the 181 transition phase from glycerol to methanol according to Sygmund et al (30) . The cultivation 182 on January 7, 2018 by guest http://aem.asm.org/ Downloaded from temperature was 30°C, the airflow rate was 6 L min -1 , and the stirrer speed 800 rpm. Samples 183 were taken regularly. 184 GH61-3 was produced in a Multifors fermenter (Infors HT, Bottmingen, CH) with a total 185 volume of 500 mL. The fed-batch fermentation followed the Pichia Fermentation Process 186
Guidelines of Invitrogen with slight modifications. The basal salts medium was supplemented 187 with 0.1 mM CuSO 4 . The batch fermentation (300 mL starting volume) was inoculated with 188 25 mL preculture at 30°C. Air flow was kept constant at 2 L min -1 and the stirrer speed was 189 set to 1000 rpm. The pH was maintained at 5.0 with ammonium hydroxide. After depletion of 190 the glycerol in the batch medium the fed-batch phase was started with a constant feed of 2. Proteins were eluted within a linear salt gradient from 0 to 1 M NaCl within 10 column 213 volumes. To obtain a homogenous preparation of CDH IIB, gel filtration with Superdex 200 214 was added as final polishing and buffer exchange step to 50 mM sodium acetate buffer, pH 215 5.5. HIC fractions containing GH61-3 (judged by A 280 readings and SDS-PAGE) were 216 concentrated and loaded onto a 470 mL gel filtration column (Sephacryl S-300) equilibrated 217 with 100 mM sodium acetate buffer (pH 5.0). The purest CDH and GH61-3 fractions were 218 pooled, concentrated, sterile filtered (0.2 µm), aliquoted and stored at -80°C. 219 220
Enzyme assays and protein determination 221
Activity of intact CDH was specifically determined by following the reduction of 20 µM 222 cytochrome c (cyt c, ε 550 = 19.6 mM -1 cm -1 ). This electron acceptor is exclusively reduced at 223 the cytochrome domain. Activities of both the intact holoenzyme and its catalytically active 224 proteolytic cleavage product, the dehydrogenase domain, were spectrophotometrically 225 assayed using 0.3 mM DCIP (ε 520 = 6.8 mM -1 cm -1 ) as electron acceptor. The reaction was 226 followed for 180 sec at 30°C in a Lambda 35 UV/Vis spectrophotometer featuring a 227 temperature controlled 8-cell changer (Perkin Elmer). All assays were measured in McIlvaine 228 buffer (21) at the indicated pH, containing 30 mM lactose as saturating substrate. One unit of 229 CDH activity was defined as the amount of enzyme that oxidizes 1 µmol of the electron 230 acceptor per min under the assay conditions. The interaction of GH61-3 with CDH IIA or IIB 231 was measured by its interference with the cyt c assay. Molar ratios of cyt c:GH61-3 from 232 1:0.25 to 1:4 were measured and the highest interference found at a ratio of 1:4, which was 233 used to obtain pH profiles of this interaction (buffer: sodium acetate pH 3-6, sodiumphosphate pH 6-8). The interaction of GH61-3 is given as the reduction of the cyt c activity 235 (in % inhibition) and was measured in triplicates against a reference reaction without Protein concentrations were determined by the method of Bradford using a prefabricated 237 assay from Bio-Rad Laboratories and bovine serum albumin as calibration standard. Spectra 238 of homogeneously purified proteins were recorded at room temperature in both the oxidized 239 and reduced state using a U-3000 Hitachi spectrophotometer. The proteins were diluted in 240
McIlvaine buffer, pH 6.0 to an absorbance of ~1 at 280 nm and the spectrum was recorded 241 before and immediately after the addition of reductant (cellobiose for CDH, ascorbate for 242 Explosions might occur if the peroxide concentration exceeds 50%!) for 10 min, followed by 267 electrochemical cleaning by cycling in 0.1 M NaOH with a scan rate of 100 mV s -1 between 0 268 and -1000 mV vs. SHE (10 cycles 1 (cyt c assay, pH 6.0) with a high yield (73%) by a two-step chromatographic purification 329 procedure ( Table S1 ). ). An 335 additional gel filtration step had to be introduced to obtain homogenous CDH IIB, which 336 resulted in a poor yield of only 11%. Purified CDH IIB has a specific activity of 5.1 U mg -1 337 (DCIP assay, pH 5.0) or 3.0 U mg -1 (cyt c assay, pH 6.0). GH61-3 bound to the HIC resin at 338 30% ammonium sulphate saturation and eluted at 8% (50 mS cm -1 ). The fractions of the peak 339 at 280 nm were pooled and concentrated giving 5.7 mL of a green solution having a protein 340 content of 9 mg mL -1 . After a final gel filtration step the purest fractions were pooled and 341 concentrated, giving 2 mL of a light blue solution with a protein content of 22.5 mg mL mannosidase the molecular mass is reduced to ~45 kDa. Chromatofocusing was used to 352 determine the isoelectric points for CDH IIA and IIB, which are at pH 5.14 and pH 4.93, 353
respectively. The UV/Vis spectra of the purified CDHs (Figures 2A and 2B) are 354 characteristic. Upon reduction with lactose the typical Soret band shift is observed, while the 355 α-and β-peaks appear at 563 nm and 533 nm, respectively. Concomitantly, the absorbance inthe region between 450 to 500 nm decreases due to reduction of the FAD. Figure 2C) . 365
Cyclic voltammetry and square wave voltammetry were employed to determine the redox 366
properties of both CDHs cytochrome domains at pH 6.0 and 7.5 ( Figure 3A and 3B) . At pH 367 6.0, the specific catalytic currents are higher than at pH 7.5 and also the oxidative and 368 reductive waves in the cyclic voltammograms are better defined than at pH 7.5. The 369 determined midpoint potentials of the cytochrome domain's heme b cofactor are 99 mV vs. 370 SHE at pH 6.0 and 93 mV vs. SHE at pH 7.5 for CDH IIA and 163 mV vs. SHE at pH 6.0 and 371 158 mV vs. SHE at pH 7.5 for CDH IIB. The catalytic current at 350 mV vs. SHE in the 372 presence of cellobiose is similar for both CDHs at pH 6.0 (12.5 μA cm -2 ). At pH 7.5 the 373 current is lower and slight differences are observed (CDH IIA: 5.3 μA cm -2 ; CDH IIB: 4.5 μA 374 cm -2 ). The onset of the catalytic currents on the gold electrodes starts around 60 mV vs. SHE 375 for CDH IIA and around 100 mV vs. SHE for CDH IIB. The onset was defined as the 376 potential were 5% of the maximum current were measured. With GH61-3 no direct electron 377 transfer could be observed on a thioglycerol modified gold electrode. 378 
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The pH dependency of the two-electron acceptor reduction by CDH IIA and CDH IIB 381 (Figures 4A-4D ) was similar for DCIP (optima at pH 5.0, >50% relative activity from pH 3.8 382 to 6.5) and 1,4-benzoquinone (optima at pH 7.0, >50% relative activity from pH 3.7 to >8.0). 383
Due to quinhydrone formation in alkaline milieu, pH values above 8.0 were not measured 384 with 1,4-benzoquinone. 385
The catalytic constants for the reduction of electron acceptors were determined at pH 5.0 for 386 DCIP and pH 6.0 for the other electron acceptors ( Table 1) . In a preliminary screening we 387 found that the relative activities of each CDH for various carbohydrates were independent of 388 the used electron acceptor DCIP, cyt c or 1,4-benzoquinone (Table S2 ). In this experiment 389 the most obvious difference between CDH IIA and CDH IIB was a 5 times higher glucose 390 turnover relative to cellobiose by CDH IIB. By measuring the catalytic constants for 391 cellobiose and lactose with DCIP as cosubstrate, we observed substrate inhibition for both 392 CDHs (Table S3 , Fig. S4 and S5) . This behaviour was only found with DCIP as electron 393 acceptor. As a consequence, the apparent catalytic constants of CDHs for carbohydrates were 394 determined with the electron acceptor 1,4-benzoquinone ( Table 2) . 395
Interaction of CDH IIA and IIB with GH61-3 396
The interaction between CDH and GH61-3 was studied by the inhibition of the cyt c activity 397 in the presence of varying concentrations of GH61-3. The rationale of experiments was to 398 treat cyt c and GH61-3 as competing substrates for the intermolecular electron transfer from 399 CDH's cytochrome domain. In preliminary experiments with CDH IIA a constant 400 concentration of 10 µM cyt c with varying GH61-3 concentrations was tested. Even with a 401 low molar ratio cyt c:GH61-3 = 1:0.25 a significant reduction of the competing cyt c activity 402 (10%) was found for both CDHs which increased up to 60% at a ratio of 1:4. Experiments 403 using BSA and copper sulphate (in a four-fold excess over cyt c) as unspecific substitutes for 404 GH61-3 showed little influence on the redction of cyt c by CDH (Figure S6) . 405 on January 7, 2018 by guest http://aem.asm.org/
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Initial rates were measured to guarantee steady-state conditions. A linear change in the 406 absorbance indicates that indeed neither cyt c nor GH61-3 were depleted during the reactions. 407
The measured pH dependency of the CDH IIA/GH61-3 ( Figure 4E ) and CDH IIB/GH61-3 408 ( Figure 4F ) interaction is expressed as % inhibition of cyt c activity. The highest inhibition of 409 cyt c by the CDH/GH61-3 interaction is observed at acidic pH. The pH optimum of CDH 410 IIB/GH61-3 interaction is more acidic for CDH IIA than for CDH IIB, but a much higher cyt 411 c inhibition was found for CDH IIB/GH61-3 (81%) than for CDH IIA/GH61-3 (55%). To investigate if N. crassa CDH IIB is an active enzyme and in which aspects it differs from 442 CDH IIA, P. pastoris was chosen for heterologous overexpression of both CDHs. Since a 443 previous attempt to express N. crassa CDH IIB in P. pastoris had failed (43), we chose a 444 different approach for the construction of the expression cassette. Instead of using the S. 445 cerervisiae α-factor pre-pro leader peptide the native leader sequence was used as secretion 446 signal. This approach was already successfully applied for other FAD-dependent 447 oxidoreductases from the GMC protein family (29, 30) . To obtain both CDHs as similar as 448 possible to the wild-type enzymes, any tags for purification or antibody detection were 449 omitted. These changes in the expression strategy enabled the production of both CDHs in 450 reasonable amounts. The higher volumetric activity measured in the culture supernatant of 451 CDH IIA is due to the higher specific activity, the concentration of the CDHs was equal (80 452 mg L -1 , including its proteolytic degradation product, the flavodehydrogenase domain). In 453 comparison, the percentage of the total extracellular protein representing the recombinant 454 enzyme was highest for GH61-3 (33%), slightly lower for CDH IIA (17% plus 11% 455 flavodehydrogenase domain) and lowest for CDH IIB (7% plus 5% flavodehydrogenase 456 domain). 457
The first difference in the physical properties of both CDHs was observed during purification. 458 CDH IIA shows a strong interaction with the phenyl groups of the hydrophobic interaction 459 resin, whereas CDH IIB is bound weaker and needs a higher ammonium sulphate 460 concentration. A similar behaviour was found on the anion exchange resin, where CDH IIB is 461 also bound weaker despite its lower pI. Since the number of putative glycosylation sites is 462 identical in both CDHs (eight surface exposed sequons each) and also the amino acid 463 composition is similar, the different binding/desorption behavior is likely to originate from a 464 different composition of surface regions or the presence of the CBM. The low affinity of 465 CDH IIB to chromatography matrices reduced not only the yield by excessive tailing, but also 466 necessitated a further purification step by size exclusion chromatography. GH61-3, like CDH 467 IIB, needs 30% ammonium sulphate saturation to bind on the HIC matrix. It also bound 468 poorly on an anion exchange matrix (Q-Sepharose) and was therefore purified by size 469 exclusion chromatography. All enzymes were stable during purification and storage. The measured molecular masses of CDH IIA and CDH IIB are higher than that of CDH IIA 476 purified from the N. crassa proteome (90 kDa), which seems to be less glycosylated than the 477 recombinant CDHs. The mass difference between the glycosylated and deglycosylated 478 enzymes originates from N-glycans which can be cleaved off by PNGase F. The bands of the 479 deglycosylated CDHs are in perfect agreement with the masses calculated from the mature 480 amino acid sequences, which are 86.2 kDa for CDH IIA and 86.6 kDa for CDH IIB. 481 Recombinant GH61-3 is also glycosylated. However, since no reduction of the molecular 482 mass was observed after PNGase treatment we conclude that the contribution of N-glycans to 483 the glycoproteins molecular mass is small. The two N-glycosylation consensus sequences 484 (NXS/T) present in the GH61-3 sequence could increase the molecular mass by ~5 kDa, if 485 one assumes the typical high mannose-type N-glycan commonly reported for secreted 486 proteins from P. pastoris. Prolonged deglycosylation with a mixture of endoglucanase F and 487 α-mannosidase showed a decrease in mass by 10 kDa to ~45 kDa, which is still bigger than 488 the calculated mass of the mature protein sequence (34.3 kDa). We conclude that GH61-3 is 489 on January 7, 2018 by guest http://aem.asm.org/ Downloaded from The previously reported pI of 6.8 for recombinantly expressed CDH IIA (43) 6.0 and 7.5, which was also found for CDH IIB from H. insolens and CDH IIA from M. 505 thermophilum (3, 13). 506 Steady-state kinetic measurements for various electron acceptors revealed identical pH optima 507 of both CDHs for the two-electron acceptors DCIP (pH 5.0) and 1,4-benzoquinone (pH 7.0), 508 which are reduced at the flavodehydrogenase domain. However, the pH profiles for the one-509 electron acceptors cyt c and FcPF 6 differed, which can be seen from the normalized insets. 510
Cyt c is strictly dependent on the presence of CDH's cytochrome domain for the 511 intermolecular electron transfer. CDH IIA has a bell shaped optimum for cyt c turnover (pH 512 6.0) while CDH IIB shows a broad plateau from pH 4.0 to 9.0 with two optima at pH 5.0 and 513 7.5. Thus CDH IIB has an extended activity in the acidic and the alkaline pH range. The pH 514 optimum of CDH IIB for FcPF 6 is much higher than for CDH IIA. The pH optima of various 515 on January 7, 2018 by guest http://aem.asm.org/ Downloaded from N. crassa cellulolytic enzymes range from pH 5.0 to 7.0 with significant residual activities 516 from pH 3.0 to 8.5 (4, 40). Judged from the pH profiles of the one-electron acceptors CDH 517 IIB works over a broader pH range and at alkaline pH values. 518
For all tested electron acceptors the K M values were in the low micromolar range. The 519 catalytic efficiency for the two-electron acceptors DCIP and 1,4-benzoquinone were 3.9 and 520 4.6 times higher for CDH IIA, the catalytic efficiency for FcPF 6 is even 24 times higher for 521 CDH IIA. Cyt c is the exception -it is 1.5 times more efficiently reduced by CDH IIB. For 522 the determination of the catalytic constants for carbohydrates 1,4-benzoquinone was used to 523 avoid the limitation of the oxidative FAD cycle by either the contribution of the 524 intramolecular electron transfer (IET) on the measurements when using cyt c, nor to limit the 525 reaction by the inhibition found with DCIP for N. crassa CDH turnover. The substrate 526 inhibition in the presence of DCIP was observed for both CDHs, but is stronger for CDH IIB. ) a similarly fast electron transfer reaction 556 can be assumed. Interestingly, the k cat value was 6.9 times higher for CDH IIA despite the 65 557 mV lower midpoint potential of its cytochrome domain. Both CDHs show IET up to pH 9.0. 558
Fast kinetic studies will be necessary to elucidate the IET and the cytochrome domain/cyt c 559 interaction in more detail. 560
The second investigated reaction in which IET is involved to transfer reduction equivalents to 561 a macroscopic, terminal electron acceptor was the interaction of CDH with SAM gold 562 electrodes. It is found that at pH 6.0 the direct electron transfer (DET) to the macroscopic 563 electron acceptor limits the whole reaction. This is assumed from the similar catalytic currents 564 obtained from both CDHs at pH 6.0 and 7.5. If this last electron transfer step would not be 565 rate limiting, the different IET rates indicated by the above discussed cyt c turnover should 566 result in a higher current for CDH IIA. The lower midpoint potential of the CDH IIA 567 on January 7, 2018 by guest http://aem.asm.org/ Downloaded from cytochrome domain is also reflected by the lower onset potential of CDH IIA's catalytic 568 current. This different midpoint potential might be of importance for the interaction with 569 GH61 polysaccharide monooxygenases. 570
Experimental data from a growing body of literature emphasize the concept that CDH 571 enhances the depolymerisation of crystalline cellulose in a synergistic mechanism together 572 with GH61 polysaccharide monooxygenases. Not much about the interaction of CDH and 573 GH61 enzymes is known yet, but it was shown that the electron transfer proceeds via the 574 cytochrome domain since the flavodehydrogenase domain alone showed no effect (22). 575
However, these studies used CDHs and GH61 enzymes from different organisms. N. crassa 576 GH61-3 (NCU02916) used in this study is a close relative of NCU0224 and NCU01050, 577 which were both identified as polysaccharide monooxygenases (22). The interaction with both 578 N. crassa CDHs was measured by using a competing substrate approach. Cyt c was chosen as 579 competing substrate for GH61-3, since in both reactions IET is, as postulated, involved. From 580 the strong inhibition of the reaction with cyt c, which is an electron acceptor with a high 581 catalytic efficiency/bimolecular rate constant -it is obvious that the interaction of CDH with 582 GH61-3 is of similarly high efficiency. This effect was found to be more pronounced for 583 CDH IIB. The cyt c reaction was inhibited by 81% in the presence of GH61-3 at pH 4.0 and 584 5.0, whereas for CDH IIA only an inhibition of 55% at pH 4.0 was found. Similar to the pH 585 profiles of the one-electron acceptors of cyt c and FcPF 6 , CDH IIB showed a more efficient 586 interaction with GH61-3 also at neutral/alkaline pH. At pH 8.0 GH61-3 inhibited the cyt c 587 reduction by of CDH IIB to 43%, but of CDH IIA only to 19%. Whether CDH IIB generally 588 interacts more efficiently with N. crassa polysaccharide monooxygenases from the GH61 589 family or just in the case of GH61-3 remains to be elucidated. The higher pH optimum of the 590 CDH IIB/GH61-3 interaction is probably a result of the higher redox potential of CDH IIB's 591 
